The initial events in protein aggregation involve fluctuations that populate monomer conformations, which lead to oligomerization and fibril assembly. The highly populated structures, driven by a balance between hydrophobic and electrostatic interactions in the protease-resistant wild-type Aβ [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] peptide and mutants E22Q (Dutch), D23N (Iowa), and K28N, are analyzed using molecular dynamics simulations. Intrapeptide electrostatic interactions were connected to calculated pK a values that compare well with the experimental estimates. The pK a values of the titratable residues show that E22 and D23 side chains form salt bridges only infrequently with the K28 side chain. Contacts between E22-K28 are more probable in "dried" salt bridges, whereas D23-K28 contacts are more probable in solvated salt bridges. The strength of the intrapeptide hydrophobic interactions increases as D23N b WT b E22Q b K28A. Free-energy profiles and disconnectivity representation of the energy landscapes show that the monomer structures partition into four distinct basins. The hydrophobic interactions cluster the Aβ 21-30 peptide into two basins, differentiated by the relative position of the DVG(23-25) and GSN(25-27) fragments about the G25 residue. The E22Q mutation increases the population with intact VGSN turn compared to the wild-type (WT) peptide. The increase in the population of the structures in the aggregation-prone Basin I in E22Q, which occurs solely due to the difference in charge states between the Dutch mutant and the WT, gives a structural explanation of the somewhat larger aggregation rate in the mutant. The D23N mutation dramatically reduces the intrapeptide interactions. The K28A mutation increases the intrapeptide hydrophobic interactions that promote population of structures in Basin I and Basin II whose structures are characterized by hydrophobic interaction between V24 and K28 side chains but with well-separated ends of the backbone atoms in the VGSN turn. The intrapeptide electrostatic interactions in the WT and E22Q peptides roughen the free-energy surface compared to the K28A peptide. The D23N mutation has a flat free-energy surface, corresponding to an increased population of random coil-like structures with weak hydrophobic and electrostatic interactions. We propose that mutations or sequences that enhance the probability of occupying Basin I would promote aggregation of Aβ peptides.
The initial events in protein aggregation involve fluctuations that populate monomer conformations, which lead to oligomerization and fibril assembly. The highly populated structures, driven by a balance between hydrophobic and electrostatic interactions in the protease-resistant wild-type Aβ [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] peptide and mutants E22Q (Dutch), D23N (Iowa), and K28N, are analyzed using molecular dynamics simulations. Intrapeptide electrostatic interactions were connected to calculated pK a values that compare well with the experimental estimates. The pK a values of the titratable residues show that E22 and D23 side chains form salt bridges only infrequently with the K28 side chain. Contacts between E22-K28 are more probable in "dried" salt bridges, whereas D23-K28 contacts are more probable in solvated salt bridges. The strength of the intrapeptide hydrophobic interactions increases as D23N b WT b E22Q b K28A. Free-energy profiles and disconnectivity representation of the energy landscapes show that the monomer structures partition into four distinct basins. The hydrophobic interactions cluster the Aβ [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] peptide into two basins, differentiated by the relative position of the DVG (23) (24) (25) and GSN (25) (26) (27) fragments about the G25 residue. The E22Q mutation increases the population with intact VGSN turn compared to the wild-type (WT) peptide. The increase in the population of the structures in the aggregation-prone Basin I in E22Q, which occurs solely due to the difference in charge states between the Dutch mutant and the WT, gives a structural explanation of the somewhat larger aggregation rate in the mutant. The D23N mutation dramatically reduces the intrapeptide interactions. The K28A mutation increases the intrapeptide hydrophobic interactions that promote population of structures in Basin I and Basin II whose structures are characterized by hydrophobic interaction between V24 and K28 side chains but with well-separated ends of the backbone atoms in the VGSN turn. The intrapeptide electrostatic interactions in the WT and E22Q peptides roughen the free-energy surface compared to the K28A peptide. The D23N mutation has a flat free-energy surface, corresponding to an increased population of random coil-like structures with weak hydrophobic and electrostatic
Introduction
Amyloid β-protein (Aβ) is a major component of proteinaceous mass involved in Alzheimer's disease. 1, 2 Produced by proteolytic cleavage of Aβ precursor protein, Aβ consists of 40-or 42-residue peptides in vivo.
1 It was initially proposed that ordered extracellular fibrillar aggregates of Aβ were pathogenic agents that led to neuronal cell death in the brains of patients with Alzheimer's disease. 3 Recently, [4] [5] [6] [7] neurotoxicity has been associated with metastable low molecular weight oligomers, which are intermediates in the fibrillization process of Aβ. 8 It was proposed that the Aβ monomers nucleated and formed amyloid fibrils through a linear-aggregation mechanism. 9 An outstanding problem is characterization of the aggregation mechanism in terms of key intra-and interpeptide interactions in the monomer, low molecular weight oligomers, and fibrils.
Based on general theoretical arguments, several scenarios for protein aggregation have been proposed. 10, 11 In all scenarios, the key early event is the structural transitions in the monomer due to fluctuations, denaturant stress, or interactions with other monomers that populate aggregation-prone conformations. Thus, it is imperative to describe the structural characteristics that the monomers adopt and to assess whether these structures can trigger ordered oligomer formation upon interpeptide interactions. It is also important to decipher how variations in sequence shift the population of the most probable low free-energy monomer structures. In the Aβ monomers, it has long been appreciated that the VGSN region (residues 24-27) plays a key role in imparting a degree of local order, even though globally they are best treated as random coils. Kirschner et al. 12 used theoretical predictors of β-turn propensity 13 to show that the region of sequence centered about residue 26 (as well as residue 8) has high β-turn potential. Limited proteolysis studies 14 identified β-turn in the SNKG (26) (27) (28) (29) region of the full-length peptide. NMR and CD spectroscopy 15 for the fulllength Aβ-protein and fragments in a solution of trifluoroethanol and water show that the VGSN (24) (25) (26) (27) ) region forms stable turn structures. Several other studies [16] [17] [18] [19] also identified a helix-turn-helix structure for the Aβ-peptide in nonpolar or membranemimicking environments.
The aqueous solution phase NMR structure of the Aβ congener peptide 20, 21 shows that, in addition to the LVFFA(17-21) "central hydrophobic cluster" region, a turn centered at the VGSN (24) (25) (26) (27) region of the peptide is a key structural motif. Subsequent studies of the Aβ 10-35 peptide demonstrated that the C α proton chemical shift in the VGSNKG(24-29) region does not change over a range of temperature, which suggests that the peptide structure surrounding the VGSN (24) (25) (26) (27) region is stable in the temperature range from 5°to 35°. 21, 22 Simulation studies 21, 23, 24 lent support for the stability of the proposed structure of the LVFFA (17-21) central hydrophobic cluster and VGSN (24) (25) (26) (27) turn regions on the nanosecond time scale. 21 The conservation of the VGSN(24-27) turn region in the putative β-fibril 25 and the "collapsed coil" structures leads to the conjecture that the VGSN (24) (25) (26) (27) may nucleate the formation of Aβ aggregates. Recent molecular dynamics (MD) simulations [26] [27] [28] and solid-state NMR experiments 29 on the Aβ 21-30 peptide revealed this decapeptide's highly fluctuating structure, with relatively low probability of forming intrapeptide E22-K28 and D23-K28 salt bridges and the V24-K28 hydrophobic interaction also supporting the role of the VGSN(24-27) in higher-ordered structures.
The bend in the VGSN(24-27) fragment also plays a crucial role in the stability of the Aβ 1-40 fibril structures. [30] [31] [32] Both intrapeptide 30, 31 and interpeptide 32 D23-K28 salt bridges are key structural elements that may stabilize the bend in the VGSN (24) (25) (26) (27) region of the peptide in the fibril state. The monomeric structural construct with the characteristic bend in the VGSN region satisfies the principle of amyloid self-assembly, 33 namely, structures that maximize both intra-and intermolecular hydrophobic interactions and the number of salt bridges are the most stable.
Here, we investigate the interplay between hydrophobic and electrostatic intrapeptide interactions in stabilizing the structure of the VGSN(24-27) region in the wild type (WT) and mutants of the Aβ [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] peptide. The intrapeptide electrostatic interactions were investigated through estimates of pK a values. Explicit-solvent MD simulation pK a estimates were compared with the experimental values measured through solution-state NMR chemical-shift titrations. 34 Free-energy surfaces of the Aβ [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] (WT) peptide and three mutant peptides, E22Q ("Dutch" mutant), D23N ("Iowa" mutant), and K28A, were projected on coordinates defined by the V24-K28 and V24-N27 distances to unveil how intrapeptide hydrophobicity is modulated by electrostatic interactions. Transition disconnectivity graphs were used to uncover key details of the free-energy surfaces of the WT and the E22Q, D23N, and K28A mutant peptides. We find that mutants, such as E22Q, that lead to even modest enhancement of aggregationprone structures (intact D23-K28 salt bridge and stable VGSN turn), can lead to an increase in rates of fibril formation.)
Results pK a values indicate weak intrapeptide electrostatic interactions
Since Aβ [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] is a small peptide, its interior is mainly formed by the backbone, while the polar and charged residues are exposed to water. As a result, the most important polar or charged groups are solvated. Consequently, electrostatic interactions are unlikely to be sufficiently strong to change the protonation state of a titratable residue compared to its value in isolation. These expectations are borne out by computing the Born, background, and interaction contributions to the pK a shifts [see Eq. (2)]. We used two values (4 and 20) for the dielectric constant of the protein and found that pK a values are similar (data not shown).
pK a for WT
The computed pK a values of residues E22, D23, and K28 in the WT, presented in Table 1 and Fig. 1a , are in good accord with the experimental pK a values. 34 We used a value of 10.5 as a model pK a for K28. The pK a values of residues E22 and D23 (4.5 and 4.0, respectively) are the same as the model values, which implies that these two residues are solvated. The computationally determined pK a values of E22 and D23 (4.6 and 3.8, respectively; Table 1) suggest that there is a weak, unfavorable electrostatic interaction between E22 and the negative partial charges of the peptide. Comparison of the pK a shift of K28 (11.2) and the model value (10.5) suggests that K28 engages in favorable electrostatic interactions with the peptide.
pK a for mutants
The experimental pK a values of residues D23 and K28 in the E22Q Dutch mutant (4.0 and 11.1, respectively, in Table 1 ) are close to that of the WT, implying that the D23 side chain is mainly solvated and the K28 side chain interacts favorably with the polar groups of the peptide. The corresponding computationally determined pK a values of D23 and K28 in the E22Q mutant peptide are 3.7 and 10.5, respectively ( Table 1 ), suggesting that the D23 side chain engages in a slightly favorable interaction with the peptide, while the K28 side chain is more tightly solvated.
In the D23N Iowa mutant (Table 1 and Fig. 1c) , the E22 side chain is isolated, with both experimental and calculated pK a (4.5 and 4.3, respectively) being close to the model value. A decrease in the pK a for K28 compared to the WT and E22Q indicates that the favorable intrapeptide electrostatic interactions of the K28 side chain in the WT and E22Q peptides are diminished in the D23N mutant. Taken together, these results show that the D23 side chain in the WT and the E22Q can infrequently form a salt bridge with K28.
In the K28A mutant, the favorable electrostatic influences on the E22 and D23 residues from the rest of the peptide are abolished. The negatively charged side chains of the E22 and D23 residues interact unfavorably, increasing their pK a values relative to the model values (Table 1 and Fig. 1d) (Fig. 2) . The decreased correlation between the experimental and computed pK a values of K28 (Fig. 2) suggests interactions of K28 4.9 ± 0.2 (4.9 ± 0.04) 3.9 ± 0.3 (4.7 ± 0.03) -
The pK a values of the isolated residues and the residues in the peptide structure are similar, indicating that the pK a shifts result from weak intrapeptide electrostatic interactions.
with the peptide are not accurately described by the simulations. However, the difference between the experimental (11.1±0.01) and computational (10.5±0.2) pK a for the K28 side chain in the E22Q mutant is equivalent only to 0.8 kcal/mol favorable electrostatic interaction between the K28 side chain and the rest of the peptide. This value is comparable with the thermal fluctuations, 0.6 kcal/mol at 300 K, and hence is relatively small.
(ii) Both the experimental and computed small values of the pK a shift values of the titratable residues within the Aβ [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] (WT) and its variants, E22Q, D23N, and K28A, suggest that the titratable residues are largely exposed to solvent. Our simulations, which show relatively small pK a shifts, suggest that the probability of forming structures with intact salt bridge with a stable bend (aggregation-prone structures) is small.
Strength of salt bridges varies greatly from WT to mutants
The experimentally measured pK a values do not allow us to directly interpret the strength of electrostatic interaction between the E22-K28 and D23-K28 charged side-chain pairs. The distribution of the electrostatic energies for the E22-K28 and D23-K28 pairs shows that ΔG inter [Eq. (2) ] for most of the simulated structures (between 78% and 95%) is centered around zero (Fig. 3) . This implies that the E22, D23, and K28 side chains are highly solvated, in accordance with the experimental and calculated pK a values (see Table  1 ) and the computed pK a -shift values (see Fig. 1 ). The strength of the electrostatic interactions between the E22-K28 and D23-K28 side-chain pairs appears to be similar in the WT peptide (Fig. 3) .
The E22Q Dutch mutation increases the importance of electrostatic interaction between the D23 and K28 side chains, around −2.0 and −3.5 kcal/mol, and introduces stronger electrostatic interactions, around −7.5 kcal/mol (Fig. 3) . A value of −2.0 kcal/mol corresponds to a solvated electrostatic interaction between two unlike unit charges. A lower value, such as −7.5 kcal/mol, implies exclusion of the solvating water molecules through burial of the salt bridge in the peptide interior. The somewhat more favorable interaction between D23 and K28 results in a modest increase in the probability of salt bridge formation in the Dutch mutant compared to the WT. The tendency to form this stable salt bridge with intact VGSN turn provides a structural explanation for the E22Q to aggregate more rapidly than the WT. The D23N mutation (see Fig. 3 ) decreases the frequency of the weaker electrostatic interactions (−2.0 kcal/mol) and only slightly increases the moderate electrostatic interactions (−3.5 kcal/mol) between the E22 and K28 residues.
Nature of salt bridge depends on the sequence
The strength of the electrostatic interactions within the E22-K28 and D23-K28 pairs depends on both the distance between the charged side chains and the local dielectric coefficient, which is related to the solvent exposure. The distributions of distances between the atoms C δ (E22)-N ζ (K28) and C γ (D23)-N ζ (K28) in the WT, E22Q, and D23N are shown in Fig. 4a . A basin centered at 4.3 Å between the N ζ (K28) and C δ (E22) or C γ (D23) atoms, respectively, accommodates one hydrogen bond between the donor N ζ (K28) atom and the acceptor atoms of either E22 or D23 side chains, O ε (E22) or O δ (D23), respectively, corresponding to hydrogen-bonded Fig. 3 . The electrostatic interaction energy distributions between the residues E22-K28 and D23-K28 indicate that the titratable residues in the Aβ [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] peptide are highly solvated during the simulation. Hydrated electrostatic contacts associated with weakly favorable interactions are of low favorable energies, explaining their instability. In the WT peptide, the D23-K28 electrostatic interaction is more frequent in a low favorable energy domain (around −2.0 kcal/mol), while the E22-K28 is more frequent in a larger favorable energy domain (around − 3.5 kcal/mol). The E22Q mutation increases the probability of electrostatic interaction between the D23 and K28 residues. The D23N mutation decreases the probability of electrostatic interaction between the E22 and K28 residues in the low-value domain (−2.0 kcal/mol), while it increases the probability in the larger-value domain (around −3.5 kcal/mol). 
indicate the weak electrostatic interaction between these titratable residue pairs. The hydrogen-bonded salt bridge of the E22-K28 and D23-K28 pairs are equally populated in the Aβ [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] (WT) peptide, while the water-mediated salt bridge is more populated for the E22-K28 pair. The E22Q mutation increases the D23-K28 close interaction probability. The D23N mutation does not change the probability of the hydrogen-bonded E22-K28 salt bridge compared to the WT, while the water-mediated E22-K28 salt bridge is less probable. DB1 indicates the first desolvation barrier, while DB2 indicates the second desolvation barrier. (b) The distance between the centers of mass of the V24 side chain and the hydrophobic portion of residue 28 reveals the distribution of the hydrophobic intrapeptide interactions. Position 28 is occupied by K in the WT and E22Q and D23N variants, and by A in the K28A mutant. Two distinct basins characterize the distributions. The distances between the side chain V24 and the residue 28 in contact are centered around 5.0 Å. The solvated side chains 24 and 28 have their centers of mass separated by at least one solvation shell with a minimum distance of 7.5 Å. The E22Q mutation increases the intrapeptide hydrophobic interaction, while the D23N decreases it. The K28A mutation maximizes the population of the 24-28 hydrophobic contacts. salt bridges. A second basin, centered on 5.5 Å (Fig. 4) , accommodates one water molecule between the N ζ (K28) and O ε (E22) or O δ (D23), and corresponds to water-mediated salt bridges. The border between the water-mediated salt bridges and the highly solvated side chains corresponds to the first desolvation barrier, DB1, at 7.5 Å. A second desolvation barrier, DB2, separates the water-mediated and hydrogenbonded salt bridges at 4.5 Å. The E22-K28 and D23-K28 pairs form hydrogen-bonded salt bridges with low probability, 1.3%, in the WT (Fig. 4a) . The interactions between the negatively charged E22 and D23 side chains and positively charged K28 are somewhat more probable, 6.4% and 4.4%, respectively, when mediated by a water molecule. Figure 4a suggests that the formation of the water-mediated E22-K28 contact is not an activated process but the D23-K28 water-mediated contact must overcome a small barrier at 7.5 Å, DB1 in Fig. 4a . Removal of the last solvation shell between the E22-K28 or D23-K28 side chains in the WT is an activated process characterized by poorly populated basins separated by the solvated charged residues with a barrier at 4.5 Å, DB2 in Fig. 4a .
The E22Q mutation increases the stability of the D23-K28 hydrogen-bonded and water-mediated salt bridges, with formation probabilities of 5% and 14%, respectively (see Fig. 4a ). The increase in the population (cumulatively by a factor of 3) of structures with the D23-K28 salt bridge is sufficient to explain the modest enhancement in the rate of fibril formation in E22Q. The D23N mutation generates structures with a hydrogen-bonded E22-K28 salt bridge similarly populated (1.6%) as in the WT (1.3%) and is also separated by an activation barrier at 4.5 Å (see DB2 in Fig. 4a ). The probability of observing E22-K28 water-mediated salt bridges is reduced to 3.2% compared to the similar contact in the WT peptide (6.4%). The water-mediated saltbridge formation does not involve crossing of activation barrier in order to remove the solvation water in the D23N peptide.
Intrapeptide hydrophobic contacts are similar in the WT and E22Q
We focused on the interaction between the side chain of V24 and the aliphatic portion of the K28 side chain as the main contribution to intrapeptide hydrophobicity. Recent NMR experimental measurements 29 and coarse-grained MD simulations 26 suggest that the V24 propyl side chain and the butyl portion of K28 side chain are in contact. We have examined the correlation between the electrostatic and hydrophobic intrapeptide interactions by selectively modifying the electrostatic charge state of the residues 22, 23, and 28. Fig. 4b shows the distributions of the distances between centers of mass of the V24 side chain and the aliphatic part of the K28 side chain, for the WT and the E22Q and D23N mutants. The distribution of the distance between the V24 and A28 is also shown for the K28A mutant. The V24 packs against K28 in 29% of conformations in the WT. In the Dutch mutant, E22Q, the fraction of molecules with V24-K28 hydrophobic contact increases to ≈ 33%. This observation supports the inference that the major difference between the WT and the Dutch mutant must arise largely from the differences in the charge states. The mutant K28A diminishes the strong electrostatic interaction of the K28 ammonium group with the surrounding water molecules, thus increasing the population of the hydrophobic interactions between the V24 and A28 side chains to 42%. We find that the desolvation of the space between the V24 side chain and the butyl group of K28 (or methyl of A28) is a one-barrier process, in contrast to the two-barrier desolvation observed in the contact between the D23 and K28 side chains (see Fig. 4b ).
K28 makes transient contacts with the peptide backbone
The delicate balance of hydrophilic and hydrophobic forces that act on the K28 side chain can be influenced by the change in the electrostatic charge state of the E22 or D23 side chains. We monitored the disruptions in the hydrophilic/hydrophobic balance by counting the hydrogen-bond contacts between the ammonium group of K28 and the oxygen atoms of the peptide backbone. Figure 5 demonstrates that the number of contacts between the K28 side chain and peptide backbone is slightly larger in the WT and E22Q mutant (≈ 9%) than in the D23N mutant peptide (≈ 6%). The contacts between the K28 ammonium group and the peptide backbone has a maximum around the E22, D23, and V24 residues, suggesting a combined influence of the electrostatic (between E22-K28 and D23-K28) and hydrophobic (V24-K28) forces act on the K28 side chain. The increased tendency of K28 to make hydrogen bonds with the peptide backbone in the Fig. 5 . The distance between the N ζ (K28) and the backbone oxygen atoms is used as a measure of interaction between the K28 residue and the peptide backbone. The WT and the E22Q mutant of the Aβ [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] peptide increases the contact probability between the K28 side chain and peptide backbone. The D23N mutation reduces the probability of the K28-backbone contact.
WT and E22Q mutant compared to the D23N mutant provides an explanation for the more favorable pK a (K28) values for the WT and E22Q peptides (11.2 and 11.1, respectively) and the less favorable pK a for the D23N mutant peptide (10.4) (see Table 1 ).
Sequence determines intrapeptide folding elements
Hydrophobic intramolecular interactions are more probable than intramolecular electrostatic interactions (compare Fig. 4a and b) . It is thus reasonable to consider the hydrophobic intrapeptide interactions, i.e. the interaction between the side chain of V24 and the hydrophobic part of the side chain (SC) at position 28, either K in WT, E22Q, and D23N, or A in K28A, as making a dominant contribution to the conformations of the Aβ [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] peptide. The main effect of the intramolecular interactions is a stabilization of the VGSN(24-27) turn. The C α (V24)-C α (N27) distance was implied to monitor the stability of the VGSN(24-27) turn. Figure 6 shows the free-energy surface projected onto two coordinates, the SC(V24)-SC(K28) and C α (V24)-C α (N27) distances. A projection of the free energy on the radius of gyration, R g , of the Aβ [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] peptide, and the root-mean-squared displacement (RMSD), from the initial structure used in simulation resulted in a narrow basin with small RMSD values and a wide basin corresponding to large RMSD values (data not shown).
The coordinate C α (V24)-C α (N27) introduces details to the two superbasins generated by the hydrophobic interaction between the V24 and K28 side chains (see Fig. 4b ). The packing of the V24 side chain against the K28 side chain defines two basins, I and II, corresponding to small (5.5-7.0 Å) and larger (8.5-10.0 Å) C α (V24)-C α (N27) distances, respectively (see Fig. 6 ). The energy landscape of the Aβ 10-35 monomer 33 shows a similar bimodal distribution. The mobility around the G25 residue modulates the relative position of the DVG (23) (24) (25) and GSN (25) (26) (27) fragments. The two fragments of Fig. 6 . The free-energy hypersurface is projected on the space defined by the distance between the center of mass of the V24 side chain (SC) and the hydrophobic part of the K28 side chain (SC) (x-axis) and the distance between the C α atoms of the residues V24 and N27 (y-axis). Three hyperbasins are observed in the C α (V24)-C α (N27) versus SC(V24)-SC(K28) projection of the free energy. Basin I is characterized by a compact structure of the VGSN(24-27) segment of the Aβ [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] peptide. The peptide structures in basin II are described by strong hydrophobic interaction between the V24 and K28 side chains, while the ends of the VGSN (24) (25) (26) (27) structures in Basin I define a loop centered on the G25 residue. The maximum stability (minimum free energy) in Basin I is associated with a helix-like structure. The two fragments DVG (23) (24) (25) and GSN (25) (26) (27) , shifted out of plane, are stabilized by hydrogen bonds between the O(D23)-N(K28) and N(G25)-O(K28) atoms, hydrophobic interaction between V24 and K28, and salt bridge between D23 and K28. The DVG (23) (24) (25) and GSN (25) (26) (27) fragments of the structures in Basin II converge to an "S-like" peptide structure with a bend about the G25 residue. Basin III is broader than Basin I or Basin II, with the two fragments DVG (23) (24) (25) and GSN (25) (26) (27) oscillating about residue G25.
Electrostatic interactions subtly influence the hydrophobic effect
The electrostatic charge of the 23-27 fragment influences the populations and the positions of the three basins of attraction in the free-energy landscape. Basin II is deeper in the WT (Fig. 6a) , with a minimum free energy E min WT,II = − 2.5 kcal/mol and a population of 13%; Basin I has E min WT,I = − 1.7 kcal/mol and a population of 9%. The population in Basin III in the WT is 39% with E min WT,III = − 2.2 kcal/mol. The electrostatic neutralization of the residue in position 22 in the E22Q mutant peptide (Fig. 6b) shifts the balance between Basin I, with E min E22Q,I = −2.7 kcal/mol Fig. 7 . The change in the electrostatic properties of the E22, D23, and K28 side chains in the Aβ 21-30 peptide induces pronounced changes in the TRDS representations of the peptide free energy. The gray color defines the entropic basin of unstructured configurations. The colors blue, green, and red correspond to structures belonging to Basins I, II, and III, respectively, defined in Fig. 6 . The hydrophobic interaction between the V24 and K28 side chains and the electrostatic interactions within the E22-K28 and D23-K28 side-chain pairs generate a rough free-energy surface (multiple on-path basins) in the Aβ [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] (WT) peptide (a). The roughness aspect of the free-energy surface is accentuated by the E22Q mutation (b), especially due to the increased electrostatic interaction between D23 and K28 side chains (see Fig. 4a ). The D23N mutation (c) does not increase the intrapeptide electrostatic interactions (see Fig. 4a ), generating a smoother freeenergy surface, with a weak convergence towards a configuration stabilized by the V24-K28 hydrophobic interaction (Basin II in Fig. 6c ). The K28A mutation (d) generates a deep and relatively smooth free-energy funnel. and a population of 19%, and Basin II, with E min E22Q,II = −2.1 kcal/mol and a population of only 7%. Basin III is depopulated compared to the WT, with a population of 30% and E min E22Q,III = −2.0 kcal/mol. The D23N mutation (Fig. 6c) dramatically reduces the populations in Basin I to only 3% and E min D23N,I = −1.0 kcal/mol, and Basin II, with E min D23N,II = −1.7 kcal/mol and 5% population. Basins I and II have the same minimum free energy, E min K28A,I = E min K28A,II = −2.7 kcal/mol in the K28A mutant (Fig. 6d) . However, Basin I is broader, with a population of 23%, than Basin II, with a population of 12%. The population of Basin III in the K28A mutant is 33% and E min K28A,III = −2.2 kcal/mol. It should be stressed, as in the case with all MD simulations, that the equilibrium populations of the various basins are not quantitative. However, a number of measures suggest that the relative shifts occurs in the probability of D23-K28 in the Dutch mutant.
Electrostatic interactions roughen the free-energy surface
In addition to computing the reduced dimensional representation of the free-energy landscape (Fig. 6) , we have also obtained a free-energy representation that uses a clustering procedure. Following Krivov and Karplus, 36, 37 we used a transition disconnectivity graph (TRDG) representation of the free-energy hypersurface to analyze the combined influence of both electrostatic and hydrophobic intrapeptide interactions on the Aβ 21-30 peptide behavior. The TRDG representations of the free-energy hypersurface are shown in Fig. 7 . The nodes with a free energy higher than − 0.6 kcal/mol and separated by barriers lower than 0.6 kcal/mol form an entropic basin (gray color). Table 2 presents the total number of nodes N, direct transitions N dir , and nodes in the entropic basin associated with the WT, E22Q, D23N, and K28A peptides. Peptide structures corresponding to local minima energies in the TRDG representation form the association with the basins I (blue), II (green), and III (red) defined in Fig. 6 . The global minimum free energy of the WT peptide (Fig. 7a) , − 4.0 kcal/mol, corresponds to an S-like peptide structure of the 23-27 fragment, associated with Basin II. Basin I has a minimum free energy of − 2.5 kcal/mol. The WT peptide structure, corresponding to the local minimum free energy in Basin I, has a helix-like shape and is separated by a barrier of 2.5 kcal/mol from the remaining basins in the TRDG representation. Basin III, with a minimum free energy of − 2.6 kcal/mol, is separated from Basin II by a barrier of 2.1 kcal/mol.
The energy landscape of the E22Q mutant peptide is characterized by a similar number of nodes, direct transitions, and weight of the entropic basin (see Table 2 ). Note that Basin I in the E22Q peptide (in blue in Fig. 7b) , with a minimum of − 3.0 kcal/mol, is broader compared to the WT and is divided into three subbasins, unidentified in the projected representation of the free energy in Fig. 6b . As in the WT free-energy transition disconnectivity graph (FE-TRDG), the local minimum (− 3.6 kcal/mol) corresponding to Basin II defines the global minimum in the E22Q FE-TRDG. A barrier of 2.4 kcal/mol separates the local minimum in Basin I from the local minimum in Basin II. The minimum free energy in Basin III of the E22Q FE-TRDG is lower (− 3.1 kcal/mol) compared to the corresponding minimum in the WT FE-TRDG (− 2.6 kcal/mol). Both the FE-TRDG representations for the WT and E22Q peptides consist of multiple subbasins ( Fig. 7a and b) .
The D23N mutation (Fig. 7c ) produces a flat, funnel-like, free-energy surface. The global minimum free energy, − 3.0 kcal/mol, is associated to Basin II and is connected through multiple transitions to Basin III. The increased number of total nodes, direct transitions, and nodes in the entropic basin associated with the D23N peptide ( Table 2) indicates diminished intrapeptide interaction energies compared to either WT or E22Q peptides.
The K28A mutation generates the lowest number of nodes, direct transitions, and nodes in the entropic basin of the four peptide variants studied ( Table 2 ). The free-energy surface (Fig. 7d) converges to two associated subbasins, I and II, with free-energy minima of −3.3 and −4.0 kcal/mol, respectively. Figure 7d shows that Basin I is divided into two subbasins, separated by a transition state of −1.2 kcal/mol. Overall, the K28A mutant produces a deep and smooth funnel-like free-energy surface, with reduced transitions into Basin III.
Discussion and Conclusions
Balance between hydrophobic and electrostatic forces determines the structures in the dominant basins
In order to elucidate the balance between hydrophobic and electrostatic interactions in the most structured region of Aβ peptide, we determine the energy landscape of Aβ [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] (WT) peptide and three mutants, E22Q, D23N, and K28A. Low pK a shift values of the E22, D23, and K28 residues indicate that the titratable residues are mostly exposed to solvent, suggesting a flexible structure for the Aβ [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] peptide, in accord with recent experimental and computational studies. [26] [27] [28] [29] A key finding of this work is that the monomer conformations of the WT and the mutants are highly mobile and do not adopt a unique structure; that is, there is no folding transition as implied in recent studies. 28, 29 Rather, the conformations can be clustered into distinct basins depending on the extent of order in some regions and the probability of being in these clusters. The nature of the energy landscape varies depending on the balance between electrostatic and hydrophobic interactions. The shift in the population among the various basins can be manipulated by point mutations as well as changes in the external conditions. Rank-ordered intrapeptide hydrophobicity increases with D23N, WT, E22Q, and K28A variants. The differences in the intrapeptide hydrophobic interactions were explained using estimates of the peptide free energy. The free energy was projected on two coordinates associated with the hydrophobic intrapeptide interactions, SC(V24)-SC(K28) and C α (V24)-C α (N27) distances. A third "coordinate," which measures the effect of successive point mutations of the titratable residues, revealed the role of the intrapeptide electrostatic interactions on the peptide behavior. Hydrophobic interactions cluster the peptide structures into two basins, I and II, with close contacts between the V24 and K28 side chains. Fluctuating structures with solvent-separated SC (V24)-SC(K28) and C α (V24)-C α (N27) pairs are clustered in Basin III.
The G25 residue divides the DVGSN(23-27) fragment into two halves, DVG (23) (24) (25) and GSN (25) (26) (27) . Mobility of the backbone about the residue G25 causes the difference between Basins I and II. In Basin I, the DVG(23-25) and GSN (25) (26) (27) fragments form a loop centered on the G25 residue. The two fragments form a plane at the top edges of Basin I. An out-ofplane shift in the two fragments creates a helix-like motif stabilized by the D23-K28 salt bridge, V24-K28 hydrophobic interaction, and hydrogen bonds between O(D23)-N(K28) and N(G25)-O(K28) atoms. In Basin II, the fragments DVG (23) (24) (25) and GSN (25) (26) (27) adopt an S-like structure centered on the G25 residue, stabilized by hydrophobic interaction between the V24 and K28 residues. The hydrophobic interaction between the V24 and K28 side chains is modulated by the hydrogen bonds between the ammonium group of K28 with water. The titratable residues E22, D23, and K28 are involved in the intrapeptide interactions. The role of these three residues in the peptide stability was dissected by modifying their electrostatic charge through successive mutations. The hydrogen bonds between the E22 side chain and water control the desolvation around the ED(22-23) fragment. The hydrogen bonds between the K28 side chain and water oppose the V24-K28 hydrophobic interaction. The electrostatic charge of the D23 side chain controls the strength of the D23-K28 salt bridge.
Point mutations shift the populations between basins
The relative populations of Basins I and II are controlled by the intrapeptide electrostatic and hydrophobic interactions. The E22Q mutation decreases the strength of the electrostatic interactions between the E22 side chain and water, reducing the desolvation barrier for the 22-23 fragment. Consequently, the hydrogen bond between the D23 and K28 side chains is more populated in Basin I. Electrostatic neutralization of D23 in the D23N mutant peptide completely destabilizes Basin I and drastically reduces the depth of Basin II. We conclude that the hydrophobic interaction between V24 and K28 and the hydrogen bonds between the N23 and K28 side chains are destabilized by the solvation of the E22 and K28 side chains in the D23N mutant peptide. Moreover, the E22-K28 contact does not occur frequently enough in the D23N mutant peptide to populate either Basin I or Basin II. The K28A mutation enhances the hydrophobic interactions between the side chains of the V24 and residue A28. Consequently, Basins I and II are observed to be more populated in the K28A mutant.
Rough FE-TRDG surfaces obtained for the Aβ 21-30 (WT) and E22Q peptides are due to the intrapeptide electrostatic interactions E22-K28 and D23-K28. The more frequent D23-K28 electrostatic contacts in the E22Q peptide increase the population in the associated basin compared to that in the WT. The lack of intrapeptide interaction in the D23N mutant generates a smooth and flat FE-TRDG profile. The lack of favorable intrapeptide electrostatic interactions and enhancement of the hydrophobic interactions in the K28A peptide generate a smoother and deeper funnel-like profile of the FE-TRDG.
Sequence context determines the energetics of salt bridges
The simulations show that the E22 and D23 side chains make infrequent electrostatic interactions with the K28 side chain in the WT. The energies of the independent E22-K28 and D23-K28 electrostatic interactions revealed differences in the energy range preferences. Low energy levels, between − 3.0 to − 4.0 and − 5.0 to − 8.0 kcal/mol, are more populated with the E22-K28 salt bridge in the WT (see the inset in Fig. 3) . Energy levels − 1.5 to − 2.5 and −4.0 to − 5.0 kcal/mol are more populated with the D23-K28 salt bridge in the WT (see the inset in Fig. 3 ). It appears that the D23-K28 salt bridge is more probable in a "wet" environment, while the E22-K28 salt bridge is more probable in a "dry" environment. The lack of clear-cut preference for either of the salt bridges is in accord with recent experiments and implicit-solvent simulations. 26, 29 The E22-K28 and D23-K28 residue pairs were found to equally populate hydrogen-bonded saltbridge states in the WT, while the water-mediated E22-K28 salt bridges are energetically inactivated and more frequent compared to the water-mediated D23-K28 salt bridges. A one-barrier desolvation process was observed for the E22-K28 pair in the WT peptide, in contrast to the D23N peptide, where a two-barrier desolvation was observed. The D23-K28 pair desolvates in two activated steps in both the WT and E22Q peptides.
Charge states and shifts in population in aggregation-prone structures explain enhanced fibrillization rate of E22Q over the WT Recently, 26 it was suggested that the E22-K28 salt bridge and the V24-K28 hydrophobic interaction stabilize the VGSN(24-27) loop in a polar environment, while a hydrophobic environment enhances the D23-K28 salt bridge and destabilizes the V24-K28 hydrophobic contact. Based on this result, it was speculated 26 that the enhanced fibrillization of the E22Q mutant is induced by a reorganization of the VGSN(24-27) loop followed by a destabilization of the V24-K28 hydrophobic contact and an enhancement of the D23-K28 salt bridge. Such an interpretation fails to take into account the desolvation barrier of the D23 side chain associated with the protofibril formation.
Our results indicate that there is a tendency to form a D23-K28 salt bridge in the isolated monomer. The E22 side chain makes infrequent salt bridges with the K28 side chain, especially modulated by an increase in the local hydrophobicity. This explains the lack of the first desolvation barrier of the E22 residue. The tendency of E22 is to be solvated, thus increasing the desolvation barrier around the 22-23 region. The E22Q mutation decreases the desolvation barrier around the 22-23 fragment, enhancing the D23-K28 contacts, while there is no significant change in the V24-K28 hydrophobic contact. In our previous study, we rationalized the enhanced rate of fibril formation of E22Q based on this physical picture. 24 The results in Figs. 6 and 7, which show a greater population of the aggregation-prone structures in Basin I in E22Q compared to the WT, provide a structural explanation for increased fibrillization rate in the Dutch mutant. The structures within Basin I are prone to aggregation based on both the increased hydrophobicity 39 and on the increased probability of the D23-K28 electrostatic interaction. Such a structure is topologically similar with that observed in the amyloid fibril model. [30] [31] [32] Thus, mutations (E22Q) that enhance the probability of sampling the aggregation-prone structures will have a higher fibril formation rate.
Given that the intrapeptide hydrophobic interactions in E22Q and the WT are similar, it follows that the differences in the charge states 24 between the two sequences account for the rate of fibril growth in the two sequences. The larger tendency of the D23 side chain to make a salt bridge with the K28 side chain compared to E22 is supported by the depopulation of Basin I in the D23N mutant. The K28A mutation enhances the intrapeptide hydrophobic interactions between the V24 and A28 side chain, increasing the population in Basin I characterized by a helix-like structure. The observed intermediary helix structure in our simulations, stabilized by the V24-K28 hydrophobic interaction, is in accord with the experimental α-helix structures observed during the fibrillization process of the Aβ 1-40 protein. 40 The V24-K28 hydrophobic interaction is destabilized by removal of the solvation water in the putative protofibril structures of Aβ 1-40 30,31 and Aβ 1-42 32 proteins. The succession of helix structure formation, driven by the V24-K28 hydrophobic interaction and stabilized by intrapeptide hydrogen bonds and electrostatic interaction, followed by destabilization in low-polar environment, is an exemplification of the principle of amyloid self-assembly. 33 According to our results, the V24-K28 hydrophobic interaction decreases the distance between the D23 and K28 residues, enhancing the salt bridge between the side chains. Our work shows that the VGSN(24-27) loop, centered on S26 and stabilized by the V24-K28 hydrophobic interaction, is a transitory state between Basin I and Basin II, with small SC(V24)-SC (K28) and medium-range C α (V24)-C α (N27) distances. The flexibility about the G25 residue causes the peptide to fall into either Basin I or Basin II. The strong V24-K28 hydrophobic interaction forces the 23-25 and 25-27 fragments to shift out of plane, converging to a helix-like structure. In a reduced polar environment, such as the protofibril structure, the hydrophobic interaction is diminished, and the two fragments 23-25 and 25-27 are stabilized in a planar loop structure by the D23-K28 salt bridge. The increased amyloidogenic propensity of the E22Q mutant compared to the WT peptide appears to be correlated with the increased D23-K28 contact probabilities in the isolated monomer. The V24-K28 hydrophobic interaction, which drives the D23-K28 salt bridges, is "dissolved" in the reduced-solvent environment of the putative protofibril structures. [30] [31] [32] The multitude of the amyloid-like conformers, which contain mainly β-sheets, suggested that formation of amyloid fibrils is a general property of any polypeptide chain, 39 while the sequence of the protein and the environmental conditions control the rate of aggregation. 39 Increased hydrophobicity, through single point mutation, of the residues not involved in the folding core of the acylphosphatase protein was shown to increase the rate of the aggregation process. 41 The hydrophobicity of the side chains of the quadrupole mutated S6 protein was proven to be responsible for the protein aggregation in a tetramer, with the Aβ homologous fragment forming interpeptide antiparallel β-sheets. 42 In contrast, a decrease in the hydrophobicity in the Aβ 1-42 protein using random screening mutations proved to make the protein less prone to aggregate. 43 The net charge of proteins also influences the aggregation of proteins. The E22Q mutation increases the amyloidogenic propensity of the Aβ 10-35 protein through a decrease of the desolvation barrier in the proximity of the hydrophobic core LVFFA (17) (18) (19) (20) (21) . 44 Inverse correlation of the aggregation propensity with the net charge of the muscle acylphosphatase protein was found in denaturing conditions. 45 In contrast, increase in the net charge of the RNase Sa at pH close to the pI of the protein was shown to destabilize the protein and further convert it into amyloid. 46 A larger net charge compared to the hydrophobicity of a protein at physiological conditions was suggested to stabilize natively unstructured proteins. 47 We expect that the increased propensity for α-helix formation compared to propensity for β-sheet should diminish the amyloidogenicity of the protein. 41 Computational Methods and Models
Molecular dynamics
The MD simulations were carried out with the program CHARMM (Chemistry at Harvard Molecular Mechanics) 48 version c29b1 with the PARAM22 49 all-atom force field. The three-point (TIP3P) model for water molecules was used to treat the solvent explicitly. 50 The structures of amyloid fibrils of the Aβ 20 were used as initial coordinates of the Aβ [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] peptide. The peptide N-and C-termini were acetylated and amidated, respectively. The protonation state of the titratable amino acids was fixed to the expected values at neutral pH in all simulations. The monomer was centered in a truncated octahedron cell that was carved from a larger preequilibrated cell of pure water. The size of the primary cell was set according to the minimumimage convention and periodic boundary conditions. To remove steric clashes between atoms, the steepest descent energy minimization algorithm was used for an initial 200 minimization steps, while the peptide atoms were fixed in their positions, achieving an RMS gradient of the potential energy of 0.9 kcal mol −1 Å −1 . The adopted basis Newton-Raphson algorithm was used to further minimize the potential energy of the system until the RMS gradient of the potential energy was less than 0.1 kcal mol −1 Å −1 . The system was heated linearly to 300 K over 120 ps followed by an equilibration phase involving two steps: the system was equilibrated for 80 ps using NVE molecular dynamics with a leapfrog integrator, followed by an additional 70 ps of NPT molecular dynamics. The pressure was restrained to 1 atm by using a variant of the extended system method, the Langevin piston algorithm. 52 The temperature was restrained to 300 K with the Nosé-Hoover thermostat. 53 In order to prevent any conformational change of the peptide during the heating and equilibration phases, the monomer atoms were restrained about the starting structure using a harmonic restraint with force constant of 20 kcal mol
To ensure a gentle equilibration of the water surrounding the monomer, the restraints were gradually reduced to zero. The center of mass of the monomer was constrained to the center of mass of the box of water using the miscellaneous mean field potential commands implemented in CHARMM. The electrostatic interactions were calculated with no truncation using the particle mesh Ewald summation algorithm 54 with a fast Fourier transform grid point spacing of 0.95 Å, and a fifth-degree B-spline interpolation. The width of the Gaussian distribution in real space was 0.32 Å − 1 . In order to reach the convergence of the electrostatic energy, the system was electrostatically neutralized by randomly adding one or two sodium ions in the WT or K28A systems, respectively. The real-space electrostatic and van der Waals interactions were smoothly shifted to zero at 10 Å, using an atom-based cutoff. The list of the nonbonded interactions was truncated at 12 Å. The lengths of the bonds containing hydrogen atoms were fixed with the SHAKE algorithm 55 and the equation of motion was iterated using a time step of 2 fs in the leapfrog integrator.
Computational estimation of pK a
The effect of electrostatic interactions on a titratable residue at atomistic resolution and short time scales can be obtained from computationally derived pK a values. The electrostatic influence of the environment and sequence context result in a shift of the pK a value of the ith titratable residue, ΔpK a,i , relative to the pK a,i model value appropriate for the residue isolated in solution. 56 The shift, ΔpK where ΔG Born is the difference between the freeenergy change associated with growing the distribution of the atomic partial charges in the protein and model structures, respectively. ΔG back is the background electrostatic free energy of interaction between the charged residue i and the atomic partial charges of the neutralized protein structure relative to the free energy in the model structure. ΔG inter is the electrostatic free energy of interaction between residue i and all the other j ≠ i titratable residues in the protein structure. In order to compute the terms in Eq. (2) one must first characterize the protonation state of each titratable residue in the protein structure. The probability of finding ionizable residue i in a protonated state is
where ∑ {x} denotes a summation over all possible protonation states. For N ionizable residues in a protein structure, there are 2 N protonation states. A x depends on the interaction of titratable residue i with the solvated protein at a given pH. The pK a of residue i is defined to be the pH at which θ i =0.5.
The Macroscopic Electrostatics with Atomic Detail (MEAD) 57, 58 package was used to compute the pK a values of the titratable groups (E22, D23, and K28) in the Aβ [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] peptide structure. The dimension of the grid box was obtained by multiplying the maximum Cartesian dimension of the peptide structure by a factor of 2. A grid size of 1.0 Å was used in the first iteration step. A second "focusing" iteration step used a grid size of 0.25 Å, while the grid box was centered on the ionizable residue. A value of 80 was used as the dielectric constant for aqueous solution, while for the peptide structure, values of both 4 and 20 were used, and the results were compared. The pK a values were computed for Aβ [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] structures separated by 10 ps in the simulated trajectories.
Free-energy analysis
The disconnectivity graph representation of the free-energy hypersurface (FEDG) 36 is a complement to the potential energy disconnectivity graph. 59 ,60 A 2 Å all-atom RMSD of structures separated by at least 10 ps in the simulated trajectories was used as a definition of distinct configurations in a clusterbased algorithm. 37 The free energy is expressed as 36
where k B is the Boltzmann's constant and T is the absolute temperature of the system. N ii represents the number of microstates in basin i, while N ij is the number of transitions between basins i and j. The free energy of basin i is obtained for i = j. The free energy of transition between basins i and j is acquired for i ≠ j. The number of transitions between basins i and j was maximized using the Gomory-Hu "minimum cut" algorithm.
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The free-energy surface was estimated by a similar approach and projected on two coordinates: (1) the distance between the centers of mass of the V24 side chain and the hydrophobic portion of the K28 side chain and (2) the distance between the C α atoms of the V24 and N27 residues. Here, i and j define the number of structures within 0.2 Å bins along the two coordinates. Two consecutive analyzed structures are separated by 10 ps.
